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Abstract. The oscillatory magnetoresistance spectrum of the organic metal 
(BEDO)5Ni(CN)4-3C 2 H 4 (OH)2 has been studied up to 50 T, in the temperature range from 1.5 K 
to 4.2 K. In high magnetic field, its Fermi surface corresponds to a linear chain of quasi-two-dimensional 
orbits coupled by magnetic breakdown (MB). The scattering rate consistently deduced from the data 
relevant to the basic a and the MB-induced f3 orbits is very large which points to a significant reduction 
of the chemical potential oscillation. Despite of this feature, the oscillations spectrum exhibits many 
frequency combinations. Their effective masses and (or) Dingle temperature are not in agreement with 
either the predictions of the quantum interference model or the semiclassical model of Falicov and 
Stachowiak. 



PACS. 71.18.+y Fermi surface: calculations and measurements; effective mass, g factor - 71.20.Rv Poly- 
mers and organic compounds - 72. 20. My Galvanomagnetic and other magnetotransport effects 
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1 Introduction are observed in the Fourier spectra. Other Fourier com- 



ponents such as (3 - a [5] or f3 - 2a [6] are also detected. 
These latter frequencies are currently interpreted on the 
basis of quantum interference (QI), although they are also 
observed in de Haas- van Alphen (dHvA) oscillations spec- 
tra [7115115], 



According to band structure calculations pQ, the Fermi 
surface (FS) of many quasi-two-dimensional (q-2D) or- 
ganic metals with two charge carriers per unit cell origi- 
nates from one ellipsoidal hole tube whose area is there- 
fore equal to that of the first Brillouin zone (FBZ) area. 
In the extended zone scheme, this tube can go over the 

FBZ boundaries along either one or two directions lead- According to theoretical studies, both the field-dependent 
ing to FS with different topologies. Due to gaps opening modulation of the density of states due to MB pilSUTU] 
at the crossing points, the resulting FS is composed of a and the oscillation of the chemical potential [TT] can also 
q-2D tube and a pair of q-lD sheets in the former case induce frequency combinations in magnetoresistance and 
while, in the second case, compensated electron and hole dHvA oscillatory spectra. Nevertheless, the respective in- 
tubes are observed. In high enough magnetic field, both of fluence of each of these contributions on the magnetore- 
these FS's can be regarded as networks of orbits coupled sistance and dHvA spectra remains to be determined, 
by magnetic breakdown (MB) which can therefore be clas- Among them, the oscillation of the chemical potential can 
sified according to two types: the well known linear chain be strongly reduced at high temperature pj] and (or) 
of coupled orbits and the network of compensated for high scattering rate [T^]. Nevertheless, small effective 

electron and hole orbits [I], respectively. masses are required in these cases in order to observe 

In both cases, oscillatory magnetoresistance spectra quantum oscillations with a high enough signal-to-noise 
exhibit frequencies which are linear combinations of a few ratio, at low enough magnetic field, 
basic frequencies. Magnetoresistance oscillations in linear 
chains of coupled orbits have been studied, in particular 
in the case of the compound k-(BEDT-TTF) 2 Cu(NCS) 2 
[5,6J. In addition to the frequencies linked to the q-2D a 
orbit and the MB-induced (3 orbit (which corresponds to 
the hole tube from which the FS is built) many combina- 
tions that can be attributed to MB (j3 + a, j3 + 2a, etc.) 
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In this paper, we report on magnetoresistance exper- 
iments up to 50 T on (BEDO) 5 Ni(CN)4-3C 2 H4(OH)2 of 
which, according to band structure calculations [13j . the 
FS can be regarded as a linear chain of coupled orbits. It 
is shown that the crystals studied meet the above cited 
requirements, namely, high scattering rates and low effec- 
tive masses. Nevertheless, many frequency combinations 
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2 Experimental 

The studied crystals, labelled #1 and #2 in the following, 
were synthesized by the electro-crystallization technique 
reported in Ref. [13] . They are roughly parallelepiped- 
shaped with approximate dimensions (0.6 x 0.3 x 0.1) 
mm 3 , the largest faces being parallel to the conducting 
ab plane. Electrical contacts were made to the crystals 
using annealed Pt wires of 20 /im in diameter glued with 
graphite paste. Alternating current (10 to 100 fiA, 20 kHz) 
was injected parallel to the c* direction (interlayer config- 
uration). Magnetoresistance measurements were performed 
in pulsed magnetic field of up to 50 T with pulse decay 
duration of 0.78 s, in the temperature range (1.5 - 4.2) K. 
A lock-in amplifier with a time constant of 30 /us was used 
to detect the signal across the potential leads. 

3 Results and discussion 

As reported in Figurc[T] the zero-field interlayer resistance 
of the two studied crystals monotonically decreases as the 
temperature decreases down to 1.5 K, as it is the case for 
the in-plane resistance [13] . The resistance ratio between 
room temperature and 4.2 K (RR) is 39 and 36 for crystal 
#1 and #2, respectively. These values (which are higher 
than for the in-plane resistance data [T3] for which RR 
= 16) are much lower than those reported for other com- 
pounds with similar FS such as k-(BEDT-TTF) 2 Cu(NCS) 2 
[14;, (BEDT-TTF) 4 [Ni(dto) 2 ] 15j and k-(BEDT-TTF) 2 I 3 
[15] , namely, RR rj 200, 400 and 8000, respectively. 
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Fig. 1. Temperature dependence of the normalized interlayer 
resistance of crystals #1 and #2 (solid symbols). Open symbols 
stand for the in-plane resistance data of Ref. [13] . 

Magnetoresistance data of the two crystals yield con- 
sistent results. In the following, we mainly focus on the 
data recorded from crystal #1 which was more extensively 
studied. As generally observed for clean linear chains of 
coupled orbits, many Fourier components are observed in 
the oscillatory magnetoresistance spectra of which the fre- 
quencies are linear combinations of those linked to the 
closed a and the MB-induced j3 orbits (see Figure and 
Table [IJ. The measured value of F^ is in good agreement 
with the expected value for an orbit area equal to that 
of the FBZ. Indeed, according to crystallographic data at 
room temperature [13], F^ should be equal to 3839 T. F Q 
corresponds to a cross section area of 14.4 percent of the 
room temperature FBZ area. It is smaller than the value 
predicted by band structure calculations [13j . namely 20.8 
percent of the FBZ area. Nevertheless, the obtained value 
is very close to those reported for several compounds with 
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Table 1. Frequencies and effective masses (in m e units) lin] 
to the various Fourier components (index i of Eqs. [1] to 
appearing in Figure [2] 





i 


F, (T) 


m* 




a 


552 ± 3 


1.15 ± 0.05 




2a 


1104 ± 12 


2.30 ± 0.08 


p 


- 2a 


2720 ± 40 


0.3 ± 0.3 


p 


- a 


3278 ± 9 


1.68 ± 0.05 




P 


3837 ± 24 


1.80 ± 0.15 


p 


+ a 


4388 ± 12 


3.55 ± 0.15 



similar FS such as k-(BEDT-TTF) 2 Cu(NCS) 2 [12] and 
(BEDT-TTF) 2 I 3 [32] for which the a orbit area amou 
to 15 percent of the FBZ area. Band structure calcu 
tions often lead to an overestimation of the area assc 
ated with the a orbit for /3"-BEDO salts with this type 
of FS (see for instance ref. [19]). Because of the scarcity 
of results it is not clear at this time if this discrepancy 
is intrinsic to the theoretical approach used to calculate 
the FS when considering BEDO donors, or due to an un- 
usual thermal contraction behavior of these salts leading 
to larger changes than for similar sulfur-containing donors. 
However this quantitative aspect is only of marginal im- 
portance for the present study. 

With regard to the amplitude of the Fourier compo- 
nents appearing in Figure [2] the most striking feature is 
the small amplitude of the /? component with respect to 
e.g. that attributed to the MB-induced j3 + a orbit. In- 
deed, in the framework of the semiclassical model (see the 
discussion below), the damping factors of the amplitude 
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Fig. 2. Fourier spectra deduced from the magnetoresistance 
data displayed in the upper inset, in the field range 32 T - 49.4 
T. In this inset, the magnetoresistance curves are shifted up by 
10 ohms from each other for clarity. The lower inset displays 
the Fermi surface deduced from band structure calculations 

of this latter component are smaller than that related to 
p. The relatively large amplitude of the /3 - a component 
can also be noticed. We have checked by changing the 
direction of the magnetic field with respect to the crys- 
talline axes that these features, which are also observed in 



other organic metals with similar FS 1 5 , 191, are not due 

n 

to spin-zero phenomenon.!]. 

A change by a few degrees of the magnetic field direction 
with respect to the normal to the conducting plane leads to a 
steep (certainly due to the measured high Dingle temperature, 
see below) decrease of both the ft - a, (5 and /3 + a Fourier 
components's amplitude. 
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Fig. 3. Temperature dependence of the amplitude of the vari- 
ous Fourier components observed in Figure [2] for a mean mag- 
netic field value of 38 T. Solid lines are best fits to Eq. [1] 

Let us consider in more detail the field and temper- 
ature dependence of the amplitude of the Fourier com- 
ponents observed in Figure [21 In the framework of the 
Lifshits-Kosevich (LK) model, the oscillatory magnetore- 
sistance can be written as: 



UiB] - = l + J2A iC o S [2n(^- 7i )] (1) 



Rbackg 



D 



where ^.background is the monotonic part of the field- 
dependent resistance R(B) and 7; is a phase factor. The 
amplitude of the Fourier component with the frequency 
Fj is given by Aj oc RTiRoiRMBiRsi, where the spin 
damping factor (Rsi) depends only on the direction of the 



magnetic field with respect to the conducting plane. The 
thermal, Dingle and MB damping factors are respectively 
given by: 



Rt 



aTm* 



Bsinh[aTm* / B] 
Roi = exp[—aTum* / B] 



Rmbi = exp(- 



UB 



MB 



)[1 - exp( — )] 



2B 



B 



(2) 
(3) 
(4) 



where a = 2TT 2 m e k B /ch (~ 14.69 T/K), m* is the ef- 
fective mass normalized to the free electron mass (m e ), 
Tq is the Dingle temperature and Bmb is the MB field. 
Integers U and bi are respectively the number of tunnelling 
and Bragg reflections encountered along the path of the 
quasiparticle. Within this framework, high order harmon- 
ics of a given component are regarded as frequency combi- 
nations (since e.g. F2 tt = 2F Q ), which is compatible with 
the semiclassical model of Falicov and Stachowiak 3 , 20 
(which predicts m^ = 2m*, see below) and, in any case, 
has no influence on the data analysis. 

The effective mass linked to each of the observed Fourier 
components, of which the frequencies are in the range from 
F Q to F^+q,, have been derived from the temperature de- 
pendence of their amplitude for various field windows. As 
an example, data are given in Figure [3] for a mean mag- 
netic field value of 38 T. It has been checked that the val- 
ues (listed in Table Q]) determined for each of the consid- 
ered Fourier components remain field-independent within 
the error bars in the range explored, in agreement with the 
semiclassical model. It can be remarked that m* and 
are very low. Indeed, to our knowledge, the lowest effective 
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masses reported up to now for a linear chain of orbits were is in full agreement with the data of 2a (see Table [T]) as 
observed in (BEDO-TTF) 5 [CsHg(SCN) 4 ] 2 PI for which it has already been reported for the 2a [5p4] and 2(5 [25] 
m* = 1.6 ± 0.1 and m^ = 3.0 ± 0.3. In any case, the mea- components observed in magnetoresistance data of other 
sured effective masses are much lower than in the case of linear chains of orbits. However, according to the data of 
k-(BEDT-TTF) 2 Cu(NCS) 2 for which m* = 3.5 ± 0.1 and Table Q] neither Eq. [5j nor Eq. [6J (which, strictly speak- 
ing = 7.1 ± 0.5 [5]. ing, is relevant only for dHvA spectra) account for the 

effective mass of (3 - a. This result is at variance with 
According to the coupled network model of Falicov and the magnetoresistance data of Refs. [5, 19 ,25 for which 
Stachowiak [31120] , the effective mass value of a given MB Eq. [5] hold J^. Oppositely, Eq. [5] accounts for the effective 
orbit is the sum of the effective masses linked to each of the mass of (3 - 2a, as already observed for other compounds 
FS pieces constituting the considered orbit. Oppositely, [51119]. As for (3 + a, the effective mass reported in Ta- 
in the framework of the QI model [2T], the effective mass ble[T]is slightly, although definitely, higher than the value 
linked to a quantum interferometer is given by the abso- predicted by Eq. [5] Discrepancies between magnetoresis- 
lute value of the difference between the effective masses tance data relevant to the MB orbits and the predictions 
linked to each of its two arms. This leads, in the present of the Falicov-Stachowiak model are also reported for sev- 
case, to: eral other compounds with similar FS [5]. 



m *kf3±l a =\ kxm *f3 ±lxm * a \ (5) 

for MB orbits or QI paths. Oppositely, analytical cal- 
culations of the effective masses related to the frequency 
combinations induced by the oscillation of the chemical 

potential in dHvA spectra of an ideal two-band electronic 

, , A r aT D m* +t i B MB /2 1 

system yield [22]: ^— oc exp[ - J 



These puzzling behaviours can be further checked by 
considering the field dependence of the various compo- 
nent's amplitude. According to Eqs.HJU their temperature- 
independent part is given by: 



m *k0±i a = kxm* p + lxm* a (6) 



x[l-exp(-^)]% (7) 



The field dependence of this parameter is reported in 



which is at variance with the above mentioned predic- Figure H for most of the Fourier components considered 
tions for QI paths. The failure of Eq.[5]in order to account in Figure [3] It can be remarked first that, as expected 



for the effective mass of the 2 harmonics of a has been 2 DHvA data of Refs. [8]|9] yield large effective masses for (3 
reported for many 2D compounds [23]. In contrast, Eq. [5] - a, although lower than predicted by Eq.|6] 
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Fig. 4. Field dependence of the temperature-independent part 
of Fourier components deduced from data in Figure [2] A and 
Rt are the amplitude and the thermal damping factor of the 
considered Fourier component, respectively. Solid lines are best 
fits of Eq. [T]to the data. 

from Eq. \7\ the measured values of A, / Kti are actually 
temperature-independent in the range explored whatever 
the considered Fourier component is. An estimation of Trj 
can be derived from the data of Fourier components for 
which tj = 0. Assuming a low value for Bmb, namely 
Bmb < 2 T, which is plausible owing to band structure 
calculations, data of the a component yield Tjj = (7.0 ± 
0.7) K [T D = (7.9 ± 0.7) K for crystal #2], which corre- 
sponds to a large scattering rate (r _1 « 6 x 10 12 s _1 ). 
It must be noticed that the determined value of Trj de- 
pend on Bmb while the given error bars only account for 
the experimental noise and the uncertainty on the rele- 
vant effective mass. However, the Bmb sensitivity of T^. 
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is moderate in the considered case since ~ (6.7 ± 
0.7) K and (6.3 ± 0.6) K, assuming B MB = 10 T and 30 
T, respectively. These values are very close to each other 
and in any case equal within the error bars. As for the MB 
field, the parameter A^ / Hxi goes to a maximum at B max 
= B MB / m [l + b,BMB/(2am*T D + UBmb)], according 
to Eq. [7] B max should be reasonably less than the max- 
imum field reached in the experiments in order to derive 
a reliable estimation of Bmb [I]- In the present case, the 
lowest value of B max is obtained in the case of the a com- 
ponent. Unfortunately, the large Dingle temperatures re- 
ported above lead to values of B max much larger than the 
maximum field reached in the experiments, whatever the 
value of Bmb is. As a matter of fact, changing the value 
of Bmb used in the fittings of Figured] (which, otherwise, 
are obtained with Bmb = 10 T) yields almost indiscernible 
curves in the magnetic field range explored. According to 
Eq. [3 Bmb could also be derived from the data linked to 
the f3 component, assuming the Dingle temperature rele- 
vant for this orbit is the same as for a. However, taking 
into account the above reported uncertainty on Trj, Bmb 
values compatible with the data relevant for the a com- 
ponent are in the range from to 30 T which is probably 
valid but constitutes a very large uncertainty. Besides, the 
field-dependent data of Figure 2] for the components (3 - 
2a, j3 - a and /3 + a yield values of which are in poor 
agreement with the data for a and /?[]. Remarkably, and 

3 For Bmb = 10 T, the Dingle temperatures are (8.1 ± 0.7) 
K, (5.1 ± 0.6) K and dozens of K, for /3 - a, ft + a and /3 - 2a, 
respectively. 
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at variance with the preceding feature, data for the har- consistent results. In addition, both the temperature and 
monies 2a yield = (7.1 ± 0.7) K and = (8.2 ± field dependencies of the component linked to the 2 nd har- 
1.3) K for crystal #1 and #2, respectively which is in very monies of a are in good agreement with the semiclassi- 
good agreement with the data for the a orbit. cal model (same Dingle temperature as for a and twice 
Finally, the assumption of a negligibly small contri- as large effective mass). The deduced scattering rate t -1 
bution of the chemical potential oscillation to the oscilla- w 6 x 10 12 s _1 is very large that, according to al- 
tory data can be checked a posteriori. Indeed, according lows for considering that the contribution of the chemical 
to [26] , the cross-over temperature T co , above which the potential oscillation to the oscillatory magnetoresistance 
influence of the chemical potential oscillation on the ob- spectra is negligible in the explored field and temperature 
served Fourier components of a two-band electronic sys- ranges. Despite of this feature, the recorded spectra ex- 
tern becomes insignificant, is given by T co ~ 3B/am* - hibit frequency combinations. Their effective masses and 
To- In the case of the a orbit, which is the orbit with (or) Dingle temperature are not in agreement with either 
the lowest effective mass, T co is equal to 1.5 K (i. e. the the predictions of the QI model or the semiclassical model 
lowest temperature reached in the experiments) at B = of Falicov and Stachowiak. It can also be remarked that 
(48 ± 6) T, for crystal #1. This value lies very close to their amplitude can be very large. In particular, the am- 
the upper boundary of the field range considered in the plitude of the components (3 - a and + a is larger than 
experiments which indicates that, in addition to QI, the that of (3. These results suggest that additional contribu- 
only non-semiclassical phenomenon susceptible to signifi- tion, such as the coherent MB-induced modulation of the 
cantly contribute to the oscillatory spectra is the coherent DOS 2,3, 10, can play a significant role in the observed 
MB-induced modulation of the DOS 2 , 3 J 1 j . frequency combinations. 



4 Summary and conclusion 

The FS of the organic metal (BEDO) 5 Ni(CN)4-3C 2 H4(OH)2 
corresponds to a linear chain of orbits coupled by MB. 
Oscillatory magnetoresistance spectra have been obtained 
in the temperature range from 1.5 to 4.2 K in magnetic 
fields up to 50 T. The temperature and field dependence 
of the Fourier components' amplitude linked to the closed 
a and MB-induced (3 orbits, analyzed in the framework of 
the semiclassical model of Falicov and Stachowiak yields 
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